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We determined the three-dimensional structure of the PHD ﬁnger of the rice Siz/PIAS-type SUMO
ligase, OsSiz1, by NMR spectroscopy and investigated binding ability for a variety of methylated his-
tone H3 tails, showing that OsSiz1–PHD primarily recognizes dimethylated Arg2 of the histone H3
and that methylations at Arg2 and Lys4 reveal synergy effect on binding to OsSiz1–PHD. The K4 cage
of OsSiz1–PHD for trimethylated Lys4 of H3K4me3 was similar to that of the BPTF–PHD ﬁnger, while
the R2 pocket for Arg2 was different. It is intriguing that the PHDmodule of Siz/PIAS plays an impor-
tant role, with collaboration with the DNA binding domain SAP, in gene regulation through SUMOy-
lation of a variety of effectors associated with the methylated arginine-riched chromatin domains.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Post-translational modiﬁcation of proteins by a small ubiquitin-
related modiﬁer (SUMO) family has extensively been studied in the
past decades to explore its implication in numerous and diverse
cellular processes, including nuclear transport, gene repression
and activation, chromosome segregation, DNA repair, regulation
in the immune system (for reviews, references [1–8]), and espe-
cially in plants its function associated with abscisic acid signaling,
ﬂowering time, biotic and abiotic stress responses [9–11].
In recent years, the regulation of activation factors and repres-
sors in transcription by their SUMOmodiﬁcation has attracted con-
siderable attention. There are many lines of the evidence that the
sumo-modiﬁcation of transcription factors, histones, corepressors
and deacetylases (HDACs) is associated with a variety of pathways
for chromatin-mediated repression, that is, the formation of facul-
tative heterochromatin (for reviews, see references [6,8,12,13]).
The heterochromatin is a silent form of chromatin that is also pro-
moted by a low level of histone acetylation and high levels of
methylations of histone H3 at Lys9 and Lys27 ([12,13], and refer-
ences herein).chemical Societies. Published by E
azaki).SUMOylation requires the sequential action of E1-activating en-
zyme, E2-conjugating enzyme and often needs E3 ligases that
mediate substrate speciﬁcity for SUMO conjugation [3,7,8]. Out
of several classes of SUMO E3 ligases identiﬁed so far, Siz/PIAS fam-
ily is the largest group characterized by the presence of an SP-RING
domain which plays an essential role as a platform in positioning
SUMO-conjugated E2 and target protein. Besides this domain,
Siz/PIAS family conserves unique domain motifs, including SAP, PI-
NIT, and PHD (plant homeodomain) ﬁnger present in plant Siz/PIAS
proteins but absent in animals and yeast.
The primary structure of PHD ﬁnger has a typical C4HC3 signa-
ture (four cysteines, one histidine, three cysteines) with a charac-
teristic spacing among cysteine residues [14,15]. Although the
PHD ﬁnger was discovered over decades ago [16], its function
was not known until recently. In 2006, two groups reported as to
how the PHD ﬁnger proteins recognize methylated Lys4 on histone
H3, and promote both gene activation and repression [17,18]. Since
then, a growing number of PHD ﬁngers have been identiﬁed to
show speciﬁc interaction with methylated and unmethylated his-
tone H3 tails. It now takes a PHD to read the histone code
[19,20]. It is, therefore, interesting to see if the PHD ﬁnger of
Siz1/PIAS in plants would recognize methylated lysines and/or
arginine on histone H3 tails.
In this study we determined the three-dimensional structure of
the PHD ﬁnger of SUMO ligase Siz1 in rice (OsSiz1–PHD) by NMRlsevier B.V. All rights reserved.
Table 1
Peptide ligands synthesized in this study and dissociation constants (Kd) measured in solution by NMR for ligands bound to OsSiz1–PHD.
Notation Residue Sequence Kda
H3K4me0 H3(1–8)
H3(1–15)
ARTKQTAR
ARTKQTARKSTGGKA
N.D.b
N.D.b
H3K4me1 H3(1–8) ARTK(me1)QTAR 3800 ± 350
H3K4me2 H3(1–8) ARTK(me2)QTAR 909 ± 50
H3K4me3 H3(1–8) ARTK(me3)QTAR 810 ± 37
H3K9me3 H3(4–13) KQTARK(me3)STGG N.D.b
H3K27me3 H3(22–31) TKAARK(me3)SAPA N.D.b
H3K36me3 H3(31–40) ATGGVK(me3)KPHR N.D.b
H4K20me3 H4(15–24) AKRHRK(me3)VLRD N.D.b
H3R2me2a H3(1–15) AR(me2a)TKQTARKSTGGKA 477 ± 9
H3R2me2aK4me3 H3(1–10) AR(me2a)TK(me3)QTARKSTGGKA 209 ± 3
a The average of the values obtained by the least-square-ﬁtting for the titration curves of the residues strongly perturbed upon ligand bindings.
b Not determined because of weak interaction of ligands with the OsSiz1–PHD ﬁnger.
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methylated histone H3 tails. We found that OsSiz1–PHD speciﬁ-
cally recognizes both methylated Lys4 and Arg2 of histone H3.
The results were discussed on structure-based binding mechanism
of OsSiz1–PHD and possible biological function of the PHD ﬁnger of
Siz/PIAS E3 ligases is also discussed.
2. Materials and methods
2.1. Cloning and preparation of recombinant proteins
The gene corresponding to the PHD ﬁnger (Asp107–Asp172 of
OsSiz1) was ampliﬁed by PCR from cDNA (AK105290/
Os05g0125000) of Oryza sativa (NIAS BANK in Tsukuba, Japan).
Point mutants of OsSiz1–PHD were constructed by KOD-Plus-
Mutagenesis (TOYOBO Co., Japan). The gene was cloned into
BamH1/EcoR1 sites of vector pGEX-4T-3, with which Escherichia
coli BL21(DE3) was transformed.
The gene expression was induced by adding 1 mM isopropyl-b-
D-thiogalactopyranoside at 25 C in L-broth, or for stable isotope-
labeled proteins in the C.H.L. medium enriched with 15N or
15N/13C (Chlorella Industry Co., Ltd., Tokyo, Japan). The GST-fusion
proteins were puriﬁed by GSH-column, and GST-tag was removed
by thrombin cleavage, followed by gel ﬁltration chromatography.
The recombinant proteins thus contain an amino-acid sequence
Gly-Ser at their N-termini. For NMR measurements, the puriﬁed
protein was dissolved in a buffer containing 8% 2H2O, 100 mMNaCl
and 10 mM potassium phosphate (pH 7.0) for structural determi-Table 2
Structural statistics of the OsSiz1–PHD ﬁnger.
NOE restraints Unique
Intraresidue 218
Sequential (|i  j| = 1) 265
Medium range (1 < |i  j| < 5) 154
Long range (|i  j|P 5) 291
Total 928
Hydrogen bonds
Dihedral angle restraints
u Angles
w Angles
RMSDb from mean structure
Backbone atoms
All heavy atoms
Ramachandran plot
Most favored regions
Additional allowed regions
Generously allowed regions
Disallowed regions
a Number of ambiguous NOEs and number of well-separated peaks in p
b Root mean square deviation of superimposed atoms, calculated by CYnation, and a buffer containing 10 mM potassium phosphate (pH
7.0) was used for binding experiments.
2.2. Peptide synthesis of methylated histone tails
Peptides mimicking methylated histone tails listed in Table 1
were synthesized according to the standard protocol of solid-phase
synthesis. They include the peptides with methylated lysines at 4,
9, 27, 36 and arginine at 2 of histone H3 and lysine at 20 of histone
H4. Peptides were dissolved in a buffer solution of 10 mM potas-
sium phosphate and adjusted to pH 7.0. The concentrations of
the peptide stock solutions were directly calculated by weight of
a given peptide.
2.3. NMR measurements and structure calculations
Multi-dimensional NMR spectra were acquired at 25 C on a
Bruker Avance750 spectrometer equipped with pulse-ﬁeld gradi-
ents. 1H, 13C and 15N sequential resonance assignments were ob-
tained using 2D double resonance, and 3D double and triple
resonance through-bond correlation experiments [21,22]: 2D
1H–15N HSQC, 2D 1H–13C HSQC, 3D HNCO, 3D CBCA(CO)NH, 3D
HNCA, 3D HCABGCO (a modiﬁed CT-HCACO experiment described
in reference [23]), and 3D HCCH-TOCSY. Interproton distance re-
straints for structural calculations were derived frommulti-dimen-
sional NOESY spectra with mixing times of 150 ms: 3D 15N-
separated NOESY-HSQC, 3D 13C/15N-separated NOESY-HSQC, and
4D 13C/13C-separated NOESY-HSQC. The spectra were processedAmbiguousa Total
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238 529
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Fig. 1. The best-ﬁt superposition of the backbone (N, Ca, C0) atoms of the ﬁnal 20
structures with the lowest energies for the OsSiz1–PHD (a) and its ribbon diagram
for the representative structure (b). The core domain of the PHD ﬁnger family is
highlighted by a box.
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Fig. 2. Chemical shift perturbations Dd of the backbone amides of 15N-labeled
OsSiz1–PHD upon binding of the histone H3 tail with methylated and unmethy-
lated lysines at 4 on histone H3. (a) Overlay of 1H–15N HSQC spectra of OsSiz1–PHD
in the absence (red) and presence (orange to blue) of H3K4me3 at peptide/protein
(L/P) = 1, 2.5, 5, 10 and 20; (b) Plots of chemical shift perturbation
(Dd = [(DdH)2 + (DdN/5)2]1/2) of Trp139 indole NH resonance in the PHD ﬁnger as a
function of L/P for different methylation states of Lys4 of histone H3, where s:
H3K4me3, h: H3K4me2, }:H3K4me1, and : H3K4me0.
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main chain were derived from a database analysis of backbone
(13Ca, 13Cb, 13C0, 1Ha, 15N) chemical shifts using the program TA-
LOS+ [25]. Hydrogen bonds were assumed from the secondary
structure determined from the NOE patterns. Structural calcula-
tions were carried out using the program CYANA [26]. In the ﬁnal
calculations, 100 starting structures were generated randomly and
the best 20 structures were selected. The resulted structures were
analyzed by using MOLMOL [27] and PROCHECK NMR software
[28].
3. Results and discussion
3.1. Spectral assignments and structure calculations of the OsSiz1–
PHD ﬁnger
The NMR spectral analyses using the program SPARKY3 (God-
dard, T.D. and Kneller, D.G., University of California, San Francisco)
provided essentially complete assignments for almost all of the
backbone atoms and nearly all of the side chain resonances. All
the NMR data obtained in this study have been deposited in Biolog-
ical Magnetic Resonance Data Bank (BMRB accession number
11469).
The three-dimensional (3D) structure of OsSiz1–PHD (107–172)
was determined based on the distance and angle constraints listed
in Table 2 which summarizes the statistics of the resulting struc-
tural calculations. The best-ﬁt superposition of the backbone traces
of the 20 lowest energy conformations calculated for OsSiz1–PHD
is shown in Fig. 1a. The NMR structures determined here for Os-
Siz1–PHD are well deﬁned with root–mean–square deviations
(RMSD) of 0.29 Å for the backbone heavy atoms and 0.68 Å for all
of the heavy atoms in residues 109–147 and 155–171 (Fig. 1a).
The atomic coordinates have been deposited in the Protein Data
Bank (PDB ID 2RSD).
In overall view, OsSiz1–PHD is folded as a canonical PHD ﬁnger
as shown in Fig. 1b. The core domain of the ﬁnger is formed by a
short, two-stranded antiparallel b-sheet (b1 and b2), connecting
the two interleaved zinc-binding sites, and a short 310 helix and
an a helix (a1). The OsSiz1–PHD contains two loops stabilized by
two zinc-binding clusters: loop L1 (residues 131–137) is located
between b1 and b2, and relatively long loop L2 (146–163) is be-
tween 310 helix and a1. A characteristic structural feature of Os-
Siz1–PHD is the presence of a short b strand (b0) running
parallel to b2 in the core domain.The structure of the core domain (residues 128–130, 138–145
and 162–166) of OsSiz1–PHD including antiparallel b-sheet (b1
and b2), 310 and a1 is very similar to those of BPTF–PHD [18] with
an RMSD of 1.45 Å and ING2–PHD [17] with 1.13 Å, although the
sequence identities are low (18% and 22%, respectively). The PHD
ﬁngers of BPTF and ING2 are known as H3K4me3 readers of the
histone code [17,18], so it is interesting to see if OsSiz1–PHD is
capable of binding the methylated histone tails.
3.2. Binding speciﬁcity of OsSiz1–PHD for methylated histone H3 tail
To clarify the binding ability and speciﬁcity of OsSiz1–PHD ﬁn-
ger, we carried out 1H–15N HSQC experiments to measure chemical
1786 H. Shindo et al. / FEBS Letters 586 (2012) 1783–1789shift changes upon binding of methylated histone H3 tails. In
Fig. 2a, the overlaid HSQC spectra of OsSiz1–PHD at 25 C in the ab-
sence (red) and presence of H3K4me3 at an increase of ligand/pro-
tein (L/P) ratio are displayed. It is apparent that several cross-peaks
such as those of Ala113, Val124 and so on were shifted upon the
peptide binding. Such chemical shift perturbations in terms of
Dd = [(DdH)2 + (DdN/5)2]1/2 for the Trp139 indole NH resonance of
the PHD ﬁnger were plotted as a function of L/P in Fig. 2b. Here,
DdH and DdN stand for chemical shift changes of 1H and 15N nuclei,
respectively.
The least-square-ﬁtting to the titration curves of peptides
(H3K4me0, H3K4me1, H3K4me2 and H3K4me3) was performed
assuming the binding equilibrium with a 1:1 stoichiometry and
the dissociation constants of the complexes with OsSiz1–PHD were
thus obtained. As listed in Table 1, Kd values are 810 lM for
H3K4me3, 909 lM for H3K4me2, very large for H3K4me1 and
unmethylated peptide (H3K4me0), demonstrating that OsSiz1–
PHD has the higher speciﬁcity toward the higher methylated state
of lysine 4, i.e., binding afﬁnity was in order of H3K4me3 >
H3K4me2 H3K4me1 H3K4me0.
Position speciﬁc binding for trimethyllysine on histone H3 and
H4 tails was investigated. Fig. 3 shows histograms of chemical shift
perturbations for the backbone NH resonances as a function of res-
idue number. It appears from magnitude of chemical shift pertur-
bations that OsSiz1–PHD reveals strong binding speciﬁcity for
trimethyllysine at 4 (H3K4me3) (Fig. 3a), but essentially no afﬁnity
for other trimethyllysines at positions 9, 27 and 36 on histone H3
(Fig. 3b–d, respectively), nor at position 20 on histone H4 (Fig. 3e).
Although OsSiz1–PHD reveals binding speciﬁcity for H3K4me3
as described above, its strength is low by about two orders of mag-
nitude relative to that for BPTF–PHD. So we tested its binding abil-
ity for methylarginine at 2 (H3R2me2a). Fig. 4a and b show the
distribution of chemical shift perturbations of OsSiz1–PHD upon
binding of H3R2me2a as well as H3R2me2aK4me3. The resulting
chemical shift perturbations Dd of Gln110 backbone amide reso-
nances were plotted as a function of L/P molar ratio in Fig. 4c.
The curve-ﬁttings indicated that asymmetrically dimethylated
Arg2 (H3R2me2a) binds to OsSiz1–PHD with dissociation constant
of 477 lM which is smaller by about twofold, i.e., more strongly
binds than that of trimethylated Lys4 (H3K4me3). Interestingly,0
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Fig. 3. Distribution along residue number of the amide Dd values observed for 15N
trimethyllysine at various positions, (a) H3K4me3 (L/P = 10), (b) H3K9me3 (L/P = 10), (c) H
and open sticks in overlapping bar charts represent the Dd values of backbone amide atrimethylation at lysine 4 in the H3R2me2a peptide did further
strengthen binding to OsSiz1–PHD (Kd = 209 lM), suggesting that
OsSiz1–PHD primarily recognizes dimethylated Arg2 and that
methylations at Arg2 and Lys4 reveal synergy effect on binding
to OsSiz1–PHD. It is a new ﬁnding that PHD ﬁnger recognizes sole
dimethylated Arg2 of histone H3 tail.
3.3. Binding surfaces of OsSiz1–PHD ﬁnger for H3K4me3 and
H3R2me2a
The residues strongly perturbed in the chemical shifts of Os-
Siz1–PHD upon the H3K4me3 binding are mapped on the surface
of the PHD ﬁnger (Fig. 5a). Those include residues Val124,
Met128 and Trp139 forming a hydrophobic groove and also resi-
dues Gln110 to Ala113 around the b0 strand region. To investigate
structure-based mechanism for H3K4me3 binding to OsSiz1–PHD,
the OsSiz1–PHD–H3K4me3 complex structure was generated by
two independent methods. In the ﬁrst method, the H3K4me3 mol-
ecule in the crystal structure of the BPTF–PHD–H3K4me3 complex
[18] is transferred to the surface of the OsSiz1–PHD ﬁnger as
shown in Fig. 5a, where the BPTF–PHD in the crystal is replaced
by OsSiz1–PHD with the same orientation and distances of the
peptide relative to the core structure of the PHD ﬁngers. As antic-
ipated, the trimethyl group of Lys4 of H3K4me3 can be well-ﬁtted
into the hydrophobic groove without any steric hindrance.
The OsSiz1–PHD–H3K4me3 structure was also generated in
manner that was completely independent of the crystal structure
of the BPTF–PHD–H3K4me3 complex by use of the program HAD-
DOCK2 [29,30], which is based on experimental restraints obtained
for the protein–peptide interface from NMR chemical shift pertur-
bation experiments. As shown in Supplementary Fig. 1, the 10
lowest-energy structures calculated by HADDOCK2 were indistin-
guishable from the structure generated by the ﬁrst method as de-
scribed above within the precision of the calculations. This results
shows that the two methods we employed provide the same struc-
tures of the OsSiz1–PHD–H3K4me3 complex.
Taking look at more closely the hydrophobic groove, so-called
K4 cage, of the crystal and the model as shown in Fig. 5c, in the
crystal structure of BPTF–PHD [18] trimethyl ammonium group
of K4me3 is positioned within the cage of four aromatic0
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and Trp32 form three walls (Fig. 5c, left panel). In the model of
OsSiz1–PHD complex the trimethyl group would be stabilized
by the hydrophobic cage formed by Met128 as a base, Val115,
Val124 and Trp139 as three walls (Fig. 5c, right panel). The
replacement of three key tyrosines by aliphatic residues in the
K4 cage of OsSiz1–PHD would be the reason why its binding
afﬁnity for H3K4me3 is weak relative to that of BPTF–PHD.
Fig. 5b shows the binding surface of OsSiz1–PHD for H3R2me2a
and the model of its complex, indicating that strongly perturbed
residues are Gln110 and Glu112. Fig. 5d (left panel) is the close-
up view of the R2 pocket for Arg2 of H3K4me3 in the crystal struc-
ture of BPTF–PHD [18]. The side chain of Arg2 is sandwiched by
Trp32 and Asp27 with the hydrogen bond network through water
molecules. It is worth mentioning that the side chain of Arg2 iskinked (bent) with dihedral angle v3 = 60o so that the guanidium
group directs toward inside of the R2 pocket. However, this confor-
mation does not ﬁt to the R2 pocket of OsSiz1–PHD, because the
guanidium group of Arg2 clashes with a bulky Gln130 which is re-
placed for small size Gly25 in BPTF. Thus, the side chain of dime-
thylated Arg2 would, in turn, ﬂip out by adopting an extended
form with v3 = 60 and v4 = 180 (Fig. 5d, right panel). It should
be noted that in the model of the OsSiz1–PHD–H3R2me2a complex
shown in Fig. 5b, the dimethyl group of Arg2 does not cause any
steric hindrance with the side chains of the residues within the
R2 pocket.
The OsSiz1–PHD–H3R2me2a complex is stabilized possibly by
hydrogen bonding and/or electrostatic interactions with Gln110
and Glu112, consisting with the result of strong chemical shift per-
turbations observed for these residues (Fig. 5b). The results are fur-
ther supported by mutagenesis experiments. Amino acid
substitutions of Gln110 and Glu112 to Ala signiﬁcantly reduced
binding afﬁnity of H3R2me2a to Kd = 1100 lM and 1350 lM for
mutants Q110A and E112A, respectively (data not shown), indicat-
ing a decrease in afﬁnity by 2–3-fold. These two residues around
the b0 strand must be important for binding of methylarginine in
H3R2me2a peptide and a unique binding mode of OsSiz1–PHD dif-
ferent from that of BPTF will be taken into account for by the lack
of this b0 strand in BPTF–PHD.
Methylation of Arg2 often reduces signiﬁcantly the binding
afﬁnity of H3K4me3 for inhibitor growth factor 4 (ING4–PHD) by
an order of magnitude [31], or inhibits the binding of unmethylat-
ed histone H3 to the autoimmune regulator AIRE–PHD [32,33]. On
the contrary, in the case of RAG2–PHD [34] the dimethylation of
Arg2 of H3K4me3 was reported to enhance more or less its binding
afﬁnity depending on symmetry of methylated guanidium group.
According to the crystal structure of the complex RAG2–PHD–
H3K4me3 [34], the side chain of unmodiﬁed Arg2 extends toward
solvent with no interaction with the RAG–PHD, whereas dimethy-
lated Arg2 of H3R2me2aK4me3 interacts with Tyr445 at the posi-
tion equivalent to Gln130 of OsSiz1–PHD. Such an extended side
chain of Arg2 of H3R2me2aK4me3 is similar to that in the model
of the OsSiz1–PHD complex described above, although the RAG–
PHD ﬁnger is unique in view of the ﬁnger type of C3H2C2H lacking
one of the key residues both in the K4 cage and the R2 pocket.
3.4. Functional implications of PHD ﬁnger in Siz/PIAS ligases in plants
The PHD ﬁnger is a common structural motif found in all
eukaryotic genomes, with the interleaved (‘cross-brace’) topology
of two Zn-coordinating sites. Its closest relative is the RING do-
main. The RING ﬁnger often found in SUMO or ubiquitin ligase
E3 is the essential domain that interacts with SUMO or ubiquitin
conjugation enzyme E2. On the other hand, the PHD ﬁngers of
Siz/PIAS SUMO ligases are considered to function as a protein-
interaction domain for target proteins such as the GARP DNA-bind-
ing domain of PHR1 (phosphorus-starvation response protein 1),
bromodomains of GTE (global transcription factor group E) and
SUMO conjugating enzyme Ubc9. For example, the PHD ﬁnger of
SUMO ligase Siz1 in Arabidopsis was reported to interact with
SUMO E2 (Ubc9) [35], but we found it not to be the case for Os-
Siz1–PHD as assessed by ITC and NMR experiments (data not
shown). Yet, it is worth screening for proteins or domains interact-
ing with the OsSiz1–PHD ﬁnger, for which OsSiz1-speciﬁc sumoy-
lation domains are the potential candidates such as GARP domains
and bromodomains of GTEs [9,35]. We are undergoing to investi-
gate sumoylation of a series of GARPs and bromodomains in vari-
ous nucleoproteins from rice.
It has also been demonstrated that the PHD ﬁnger of the KAP1
corepressor functions as an E3 SUMO ligase for the adjacent brom-
odomain, and this PHD-mediated SUMOylation results ﬁnally in
1788 H. Shindo et al. / FEBS Letters 586 (2012) 1783–1789establishment of the silent gene expression state [36,37]. However,
in the case of OsSiz1, SP-RING ﬁnger but not PHD ﬁnger plays an
essential role in SUMOylation.
Since the sensational discovery that plant homeodomain (PHD)
recognizes methylated Lys4 on histone H3 to promote both gene
activation and repression [17,18], it was demonstrated that there
are a variety of the recognition modes for methylated histone H3
by the PHD ﬁngers as described in the previous section. We have
shown in this study that the PHD ﬁnger of OsSiz1 speciﬁcally
recognizes methylated Arg2 and trimethylated Lys4 of histone
H3. Arginine methylation of the core histone tails is a common
post-translational modiﬁcation, which plays diverse roles in regu-
lating chromatin function (for review, reference [38]). One of nine
members of protein arginine methyltransferases, PRMT6, in mam-
mal, is responsible for asymmetric dimethylation of Arg2 of
histone H3 only weakly dependent on the methylation state of
Lys4, suggesting that dual modiﬁcation of histone tail likely exist
[39]. There are many lines of evidence for cross-talk between argi-
nine and lysine methylation on histone tails, i.e., prior methylation
of the H3R2 site blocks the binding ability of the effectors with
domains such as PHD, chromodomain and Tudor that bind
H3K4me3 [39]. On the contrary to such cross-talk, the OsSiz1–
PHD studied here primarily binds the methylated Arg2 of histone
H3 (H3R2me2a) and its afﬁnity is even enhanced by Lys4 trimethy-
lation. Thus, it might recognize histone H3 tail with dually methyl-
ated Arg2 and Lys4.
It is well known that chromodomains, Tuder and MBT (malig-
nant brain tumor) domains speciﬁcally bind to methylated lysine
residues in the amino-terminal tails of histones H3 and H4 ([40]
and references herein). It was only recently shown that PWWP
domains (Pro-Trp-Trp-Pro motif) are able to bind lysine methyl-
ated histone such as H4K20me3 [41–43]. These domains are struc-
turally related to each other and found in chromatin-associated
proteins. It was reported that chromodomain-containing protein
such as Swi6 (yeast homolog of heterochromatin protein 1, HP1)
and H3K9-speciﬁc histone methyltransferase (HMTase) Clr4 are
sumoylated to establish the constitutive heterochromatin, result-
ing in gene silencing [44]. Furthermore, bromodomain containing
nucleoproteins such as HDAC (histone deacethylases) and GTE
(global transcription factor group E) are also SUMO targets of Siz/Fig. 5. Binding surfaces of OsSiz1–PHD measured by chemical shift perturbation Dd of ba
with methylated histone H3 based on the crystal structure of BPTF–H3K4me3 complex (2
up views of the K4 cage of the BPTF–H3K4me3 complex in the crystal (left) and the OsS
crystal of BPTF–H3K4me3 complex (left) and the model of OsSiz1–PHD–H3R2me2a (rigPIAS E3 ligase and its sumoylation leads to heterochromatin
through the modulation of their binding capacity to acethylated ly-
sines of histone H3 [35]. It seems apparent in many cases that Siz/
PIAS E3 ligase is involved in sumoylation of chromatin-associated
proteins.
It is known that the Siz1/PIAS ligases are localized in the nuclear
matrix attachment region and nuclear bodies [2,4,45]. Such locali-
zation is considered to be due to binding abilities of the SAP do-
main of Siz/PIAS ligases for DNA. Although binding afﬁnity of
OsSiz1–PHD for the isolated, methylated histone H3 was weak in
one order of magnitude compared to that of BPTF–PHD, its afﬁnity
and speciﬁcity to methylated histones in the nucleosomes would
be supplemented by the DNA binding ability of SAP domain of
the Siz/PIAS family [46,47]. The most solid way to prove our suppo-
sition is to use the histone methylated nucleosome as a ligand.
Such experiments are feasible and would provide direct evidence
but these experiments are beyond the scope of this paper. Our cur-
rent data are therefore more preliminary as compared to these
experiments being done.
Our premise of cooperative binding of the PHD and SAP domain
of Siz1 is supported indirectly by the fact observed for the PWWP
domains of Pdp1 harboring binding ability for both methylated his-
tone H4 and DNA [48–51]. The PWWP binding to methylated his-
tone H4K20me3 is speciﬁc but generally very weak with
dissociation constants of a few mM range [41,42,48,51,52]. Never-
theless, when the nucleosomes with histone H4K20me3 modiﬁca-
tion were used as a ligand, binding afﬁnity of the PWWP domain
and its preference to H4K20me3 were found to be enhanced over
unmodiﬁed histone H4 [51], indicating that dual binding abilities
of PWWP, albeit weak binding, plays a crucial role in recognizing
lysine methylated histone at the chromatin level.
Furthermore, considering broad speciﬁcity and in particular
highly dynamic nature of sumoylation and desumoylation of target
proteins in the response against environmental stresses [53], mod-
erate binding afﬁnity might be suitable for sumoylation by OsSiz1
E3 ligase. With all together mentioned above, it is tempted to state
that the PHD module of OsSiz1 collaborating with the SAP domain
plays an important role in recognizing methylated histones on
chromatin, and thus involved in sumoylation of chromatin-associ-
ated proteins.ckbone amide or side-chain NH signals, and the models of the OsSiz1–PHD complex
F6J). (a) Binding surface for H3K4me3, (b) Binding surface for H3R2me2a, (c) Close-
iz1–PHD–H3K4me3 model (right), and (d) Close-up views of the R2 pockets in the
ht).
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Supplementary data (supplementary materials and methods
and one ﬁgure) associated with this article can be found, in the on-
line version, at http://dx.doi.org/10.1016/j.febslet.2012.04.063.
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